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ABSTRACT
While steady empirical progress has been made in understanding the structure and composition of
hot planet atmospheres, direct measurements of velocity signatures, including winds, rotation, and jets,
have lagged behind. Quantifying atmospheric dynamics of hot planets is critical to a complete under-
standing of their atmospheres and such measurements may even illuminate other planetary properties,
such as magnetic field strengths. In this manuscript we present the first detection of the Balmer lines
Hα and Hβ in the atmosphere of the ultra-hot Jupiter WASP-33 b. Using atmospheric models which
include the effects of atmospheric dynamics, we show that the shape of the average Balmer line trans-
mission spectrum is consistent with rotational velocities in the planet’s thermosphere of vrot = 10.1
+0.8
−1.0
km s−1. We also measure a low-significance blue-shift of −4.6+3.4−3.4 km s−1 in the transmission spectrum
which is naturally explained by a global wind across the planet’s terminator. In a separate analysis
the time-resolved velocity centroids of individual transmission spectra show unambiguous evidence of
rotation, with a best-fit velocity of 8.5+2.1−1.9 km s
−1, consistent with the value of vrot derived from the
shape of the average Balmer line transmission spectrum. Our observations demonstrate the power of
high signal-to-noise, time-resolved transmission spectra to measure the effects of velocity structures in
exoplanet atmospheres. The large rotational and wind velocities we measure highlight the need for
more detailed 3D global climate simulations of the rarefied upper-atmospheres of ultra-hot gas giants.
1. INTRODUCTION
The characterization of hot exoplanet atmospheres
has advanced steadily over the past decade, with details
continuously being revealed about the diversity of ther-
mal profiles (Line et al. 2016; Evans et al. 2017; Nugroho
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et al. 2017; Nikolov et al. 2018; Gibson et al. 2020; Yan
et al. 2020; Baxter et al. 2020), chemical abundances
(Line et al. 2014; Brogi & Line 2019; Pino et al. 2020),
atmospheric evaporation processes (Bourrier et al. 2013;
Ehrenreich et al. 2015; Lavie et al. 2017; Bourrier et al.
2018), and the presence of clouds and hazes (Kreid-
berg et al. 2014; Barstow et al. 2017; Moran et al. 2018;
Beatty et al. 2019; Libby-Roberts et al. 2020; Gao et al.
2020). Recent observations of hot planet atmospheres at
high spectral resolution, both in transmission and via
cross-correlation of thermal emission signatures, have
accelerated the detection of a wide variety of molecular
and atomic species (e.g., Casasayas-Barris et al. 2017;
Jensen et al. 2018; Spake et al. 2018; Allart et al. 2018;
Salz et al. 2018; Hoeijmakers et al. 2018, 2019; Cauley
et al. 2019a; Sing et al. 2019; Brogi & Line 2019; Yan
et al. 2019; Keles et al. 2019; von Essen et al. 2019;
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2Turner et al. 2020; Nugroho et al. 2020a,b; Ben-Yami
et al. 2020; Stangret et al. 2020).
The direct observation of velocity signatures has, how-
ever, lagged behind the otherwise remarkable progress
made in understanding the properties of hot planet at-
mospheres. Quantifying velocity dynamics such as rota-
tion, equatorial jets, and hydrodynamic expansion can
reveal crucial information about related planetary prop-
erties, such as magnetic fields (Cauley et al. 2019b), heat
redistribution efficiency and mass loss rates (Showman
& Guillot 2002; Miller-Ricci Kempton & Rauscher 2012;
Spiegel & Burrows 2013), and provide important feed-
back to global climate simulations (GCMs) (Showman
& Polvani 2011; Rauscher & Menou 2013; Carone et al.
2020). Thermal phase curves and low-resolution spec-
tra, while not directly measuring the Doppler shifts of
atmospheric gas, have been used to infer the presence
of heat redistribution by winds and jets (e.g., Knutson
et al. 2012; Kataria et al. 2015; Wong et al. 2016; Rogers
2017; Wong et al. 2020; von Essen et al. 2020). Wind
speeds have also been inferred for brown dwarfs using
IR and radio variability (Apai et al. 2017; Allers et al.
2020). In addition to the relative dearth of observed ve-
locity signatures, there is also a critical lack of GCMs
which take into account the most rarefied bound atmo-
spheric layers at pressures p < 10−3 bar, i.e. the ther-
mosphere, that are typically sampled with transmission
spectroscopy of atomic ions.
The first measurement of rotational broadening in an
exoplanet atmosphere was performed by Snellen et al.
(2014) who constrained the equatorial rotation veloc-
ity of the young planet β Pic b to vrot = 25.0 ± 3.0
km s−1 using emission features of CO and H2O. Such
large rotation velocities are generally only possible for
young inflated planets which have yet to fully contract
(Baraffe et al. 2003). However, the Snellen et al. (2014)
result demonstrated the feasibility of using emission or
absorption profiles to quantify rotational velocities in ex-
oplanet atmospheres. Not long after, studies by Louden
& Wheatley (2015) and Brogi et al. (2016) were able to
constrain the rotational velocities in the atmosphere of
HD 189733 b and found them to be consistent with the
tidally-locked value of ≈ 2.7 km s−1.
Despite the relative paucity of clear velocity measure-
ments in hot planet atmospheres, these signatures are
beginning to be teased apart by detailed examination
of transmission spectra and the application of more so-
phisticated simulations. Flowers et al. (2019) used a
suite of 3D GCMs coupled with a 1D radiative trans-
fer code to constrain the day-to-night side wind speed
and equatorial rotational velocity of HD 189733 b. Wyt-
tenbach et al. (2020) included rotational broadening in
their detailed analysis of the Balmer line transmission
spectra for KELT-9 b, showing that the profile shapes
are consistent with the tidally locked equatorial rota-
tional velocity. Ehrenreich et al. (2020) demonstrated
an unprecedented level of precision in measuring the ve-
locity centroids of individual absorption profiles for the
hot Jupiter WASP-76 b and found that the highly blue-
shifted absorption on the trailing limb of the planet can
be explained by a combination of winds and rotation.
Finally, the most comprehensive application of velocity
flows in modeling a transmission spectrum was recently
published by Seidel et al. (2019), who found large expan-
sion velocities are necessary to explain the shape of the
Na I D absorption line in HD 189733 b’s atmosphere.
In the present manuscript we focus on transmission
spectroscopy of the Balmer lines Hα and Hβ in the at-
mosphere of the ultra-hot Jupiter (UHJ) WASP-33 b
(Collier Cameron et al. 2010). WASP-33 b has an equi-
librium temperature of Teq ≈ 2750 K and is a known
pulsator with pulsation periods of ≈ 1 hour (Herrero
et al. 2011; von Essen et al. 2014). It has recently joined
the growing list of hot Jupiters and UHJs with atomic
detections of their atmospheres (Yan et al. 2019; Nu-
groho et al. 2020a). We present the first detection of
the Balmer lines in WASP-33 b’s atmosphere and dis-
cuss in detail how measurements of the Hα centroids in
the transmission spectra, especially those during ingress
and egress of the transit, reveal details about rotational
velocities in the planet’s thermosphere.
2. ATMOSPHERIC VELOCITIES FROM
TIME-SERIES TRANSMISSION SPECTRA
The average transmission spectrum, or equivalent
cross correlation profile (Brogi et al. 2016; Hoeijmakers
et al. 2018), can provide information on the broadening
mechanisms responsible for the width of the line pro-
file (e.g., Louden & Wheatley 2015; Allart et al. 2018,
2019; Cauley et al. 2019a) and can also reveal the net
blue-shift of a day-to-night side wind (e.g., Snellen et al.
2010; Wyttenbach et al. 2015; Casasayas-Barris et al.
2019; Bourrier et al. 2020). However, most broadening
mechanisms (thermal, hydrodynamic expansion, rota-
tion, and jets) are degenerate to some degree and thus
it is difficult to disentangle them using only the shape
of the average in-transit absorption.
Time-series measurements of atmospheric absorption
provide a means to break this degeneracy. Assuming a
spherically symmetric atmosphere, both thermal broad-
ening and atmospheric expansion produce symmetric
broadening effects on the planet’s transmission spec-
trum regardless of when during transit the planet is ob-
served. Rotation and, to a lesser degree, jets produce an
3asymmetric broadening effect during ingress and egress
where, assuming the planet’s spin axis is perpendicular
to the plane of its orbit, only one hemisphere dominates
the transmission spectrum. We illustrate this with a car-
toon in Figure 1 (see also Figures 1, 19, or 5 of Louden &
Wheatley 2015; Cauley et al. 2017; Flowers et al. 2019,
respectively). We also show the difference between ve-
locity centroids produced by atmospheric expansion, ro-
tation, and jets in Figure 2 for the case of WASP-33
b (see Section 5 for a description of the models). For
the rotation case, the velocity centroids of the trans-
mission spectrum are blue- or red-shifted depending on
which hemisphere produces the absorption. This effect
was first explored by Miller-Ricci Kempton & Rauscher
(2012, see their Figure 8) who showed that such ingress
and egress velocity shifts should be detectable for hot
Jupiter atmospheres.
Until recently time-resolved measurements of trans-
mission spectrum centroids were difficult to obtain due
to the mechanical and thermal instabilities inherent to
non-climate controlled echelle spectrographs. As the
stability and precision of high-resolution spectrographs
has improved, it has become more feasible to collect high
signal-to-noise transmission spectra as a function of time
throughout a transit. The most spectacular example of
this technique was presented by Ehrenreich et al. (2020)
who used the ESPRESSO spectrograph to measure the
velocity centroids of Fe I absorption in the atmosphere
of WASP-76 b at a cadence of ≈ 6 − 7 minutes. Using
PEPSI on the LBT, we were able to measure the ve-
locity centroids of the Hα absorption in the atmosphere
of KELT-9 b at a ≈ 5 minute cadence (Cauley et al.
2019a).
We adopt an empirical approach to determining the
velocities of our Hα transmission spectra. In other
words, we do not assume a functional form for the shape
of the lines and instead measure the velocities directly
from the Hα line profiles. The metric we use is the same
as that defined in Cauley et al. (2017):
vHα =
∑+30
v=−30 v(1− F (v))2∑+30
v=−30(1− F (v))2
(1)
where F (v) is the normalized flux in the transmission
spectrum at velocity v. Uncertainties for vHα are esti-
mated from the weighting function. First we sort the
weighting function (1 − F (v))2 from largest to small-
est and, beginning with the largest values, we sum the
function until 68% of the total has been reached. We
then calculate the standard deviation of these veloci-
ties and take that value as the 1σ uncertainty on vHα.
Thus broader profiles have larger uncertainties. We also
discuss additional uncertainties on the measured veloci-
ties in Section 5.2, which are similar in magnitude to the
empirical uncertainties. The flux-weighted velocity mea-
surement ensures that the deepest portions of the line
profile dominate the centroid determination. In general,
using vHα results in similar velocity centroids compared
with, for example, fitting a Gaussian to the line profile.
However when the line is asymmetric, vHα often does a
better job of finding the velocity associated with the re-
gion of greatest absorption since the profile morphology
is not strictly Gaussian. Equation 1 is used to calculate
the model velocities in Figure 2. We will return to the
vHα measurements of the data in Section 5.2.
3. OBSERVATIONS AND DATA REDUCTION
We observed a single transit of WASP-33 b on UT
2019-11-17 using the PEPSI (Strassmeier et al. 2015)
spectrograph on the Large Binocular Telescope (LBT).
The observations began at UT 01:02 and ended at UT
11:19, resulting in ≈ 4.75 hours of pre-transit exposures,
≈ 2.0 hours of post-transit exposures, and the entire
≈ 2.8 hour transit.
PEPSI was used in its R ≈ 50, 000 mode and with
cross dispersers (CD) III (blue arm) and V (red arm)
simultaneously. The wavelength coverage was 4750–
5430 A˚ in the blue arm and 6230–7430 A˚ in the red arm.
The spectra were collected with a constant signal-to-
noise of 210 pixel−1 in the continuum controlled by a
photon counter. The use of the photon counter results
in slightly different exposure times for each spectrum,
which ranged from ≈ 5 minutes to ≈ 10 minutes de-
pending on airmass and seeing. A total of 82 spectra
were collected in both the red and blue arms, including
26 in-transit spectra and 56 out-of-transit spectra.
The PEPSI data reduction routines follow standard
high-resolution extraction procedures. Briefly, the indi-
vidual science images are bias subtracted, flat fielded,
and then optimally extracted. The extracted spectra
are normalized using a spline fit to the continuum and
corrected for the Earth’s barycentric motion at the time
of the observation. We also correct for the system ve-
locity in Table 1 to place the spectra in the rest frame
of the star. More details on PEPSI data reduction can
be found in Strassmeier et al. (2018) and Cauley et al.
(2019a).
There are numerous telluric H2O lines in the spec-
trum near Hα which, if not accounted for, can con-
tribute noise and extraneous features to the transmis-
sion spectrum. We used the telluric modeling procedure
Molecfit (Kausch et al. 2015) to approximate the tel-
luric spectrum observed for the A0 spectroscopic stan-
dard star HD 89239. We then fit the telluric model to
each individual WASP-33 spectrum by scaling and shift-
4Hemisphere rotating away from the 
observer dominates the absorption 
creating a red-shifted profile
Both hemispheres absorb equally 
resulting in a symmetric profile 
around 0 km s-1
Now the hemisphere rotating towards 
the observer dominates producing 
blue-shifted absorption
Ingress In-transit Egress
Figure 1. Demonstration of how a rotating atmosphere produces red and blue-shifted transmission spectra at various transit times.
Upon ingress, the planetary hemisphere rotating away from the observer dominates the transmission spectrum resulting in a red-shifted
absorption profile. The mid-transit spectrum exhibits no velocity shift but shows maximal broadening from the rotating atmosphere.
Finally, the hemisphere rotating towards the observer dominates the absorption profile during egress, producing a blue-shifted transmission
spectrum. Note that contributions from the star are ignored in the transmission spectrum examples.
Table 1. WASP-33 system parameters
Parameter Symbol Units Value Reference
(1) (2) (3) (4) (5)
Stellar mass M? M 1.561+0.045−0.079 1
Stellar radius R? R 1.509+0.016−0.027 1
Stellar surface gravity logg cm s−2 4.3± 0.2 3
Effective temperature Teff K 7430± 100 1
Metallicity [Fe/H] · · · −0.1± 0.2 1
Stellar rotational velocity vsini km s−1 86.63+0.37−0.32 2
Spin-orbit alignment angle λ degrees −109.29+0.20−0.17 This work
Orbital period Porb days 1.2198669± 0.0000012 3
Semi-major axis a AU 0.02390± 0.00063 4
Planetary mass Mp MJ 2.16± 0.20 1
Planetary radius Rp RJ 1.679
+0.019
−0.030 6
Orbital velocity Kp km s
−1 231± 3 5
Mid-transit time T0 JD 2458804.829075
+0.00051
−0.00047 This work
Transit duration T14 hours 2.7896
+0.0039
−0.0037 This work
System velocity γ km s−1 4.63± 0.04 This work
References—1 = Lehmann et al. (2015); 2 = Johnson et al. (2015); 3 = Collier Cameron
et al. (2010); 4 = Chakrabarty & Sengupta (2019) 5 = Yan et al. (2019); 6 = Turner
et al. (2016)
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Figure 2. Examples of model velocity signatures for WASP-
33 b. The uniformly expanding atmosphere (green line) shows
no velocity shifts during ingress or egress due to the symmetric
nature of the velocity profile. The rotating atmospheres show red-
shifted absorption profiles upon ingress and blue-shifted profiles
upon egress. Since the jet is confined to equatorial latitudes the
velocity shift is weaker than in the rotating atmosphere case. Note
that the non-zero velocities between ingress and egress are a re-
sult of the planet’s atmosphere absorbing different portions of the
stellar Hα line profile, producing slightly asymmetric absorption
profiles. This occurs independently of the broadening mechanism.
ing the telluric model to match the observed telluric line
depths. We then divide the best-fit model out of the
stellar spectrum to produce a cleaned region surround-
ing Hα. We show a typical telluric model fit and removal
in Figure 3. The telluric lines are removed down to the
noise level in an individual spectrum.
4. TRANSMISSION SPECTRUM ANALYSIS
Here we focus on the identification of Hα and Hβ ab-
sorption in the atmosphere of WASP-33 b. The trans-
mission spectrum extraction is complicated by two fac-
tors: 1. WASP-33 is a known δ-Scuti star and the spec-
tral lines can be distorted by periodic pulsations in ve-
locity space; 2. WASP-33 b is nodally precessing and
thus the transit chord is variable in time. We discuss
our treatment of both in the following subsections.
4.1. Determining the transit chord
WASP-33 b is nodally precessing at a rate of dΩ/dt =
0.4269±0.0051 deg yr−1 (Iorio 2011; Johnson et al. 2015;
Watanabe et al. 2020) which results in a variable transit
chord across the star. Thus in order to accurately cor-
rect the transmission spectrum for the effects of the oc-
culted stellar surface (i.e., center-to-limb variations and
the Rossiter-McLaughlin effect), up-to-date transit pa-
rameters need to be derived from the most current tran-
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Figure 3. Example of the telluric removal procedure near Hα
for a single WASP-33 exposure. The best-fit telluric model (red
spectrum) removes the observed telluric lines down to the noise
level.
sit data, ideally the data from which the transmission
spectrum is being extracted.
We adopt an analytical framework to model the
Doppler tomography (DT) signal. In this framework,
the planet DT signal is a Gaussian perturbation of the
stellar line profile (Hirano et al. 2011). Line profile
extraction and DT modeling are described in details
in Wang et al. (2018). The modeling parameters are the
impact parameter, projected spin-orbit alignment angle,
projected rotational velocity, quadratic limb darkening
parameters, planet-star radius ratio, systemic velocity,
and the mid-transit time.
One difficulty in extracting line profiles for WASP-33
is its pulsation as a δ-Scuti variable star. We apply a
customized Fourier filter to remove the pulsation signal.
A similar strategy was adopted in previous works (John-
son et al. 2015; Watanabe et al. 2020). The difference is
that we use a series of inverse normalized Gaussian pro-
files to mask out the strongest pulsation frequencies in
the Fourier space until the DT signal stands out clearly.
This approach minimizes the “ringing” effect as seen in
previous works thanks to the apodizing Gaussian pro-
files.
We give the modeled transit parameters from our anal-
ysis in Table 1. We display maps of the DT signal, the
associated model, and the model residuals in Figure 4.
We adopt the mid-transit time, spin-orbit alignment an-
gle, transit duration, and system velocity from our DT
analysis given their importance in creating the trans-
mission spectrum and the fact that these values change
over time due to the planet’s precession. All of the other
6WASP-33 system parameters are taken from the litera-
ture.
4.2. Constructing the transmission spectra
We calculate the individual transmission spectra by
dividing each stellar spectrum by the mean out-of-
transit stellar spectrum, which we will refer to as the
“master-out”. All of the out-of-transit spectra have
the same signal-to-noise due to the use of the photon
counter. Thus we do not exclude any spectra from the
master-out spectrum based on quality. We do, however,
only use spectra with observations midpoint times of
|Ti| > 2.0 hours in order to avoid using spectra near
the transit as out-of-transit comparisons. We determine
the time from mid-transit for each exposure using the
values of T0 and T14 derived in Section 4.1. The final
master-out is composed of 46 out-of-transit spectra.
Each in-transit transmission spectrum needs to be cor-
rected for the distortions caused by the occulted por-
tion of the stellar disk during that observation. The
primary effects are center-to-limb variations (CLVs) in
the spectral line and the Rossiter-McLaughlin (RM) dis-
tortion caused by occultation of a piece of the rotating
stellar disk (e.g., Czesla et al. 2015; Yan et al. 2017;
Cauley et al. 2019a). To model these effects we follow
the same procedure presented in Yan & Henning (2018)
and Cauley et al. (2018, 2019a). For each spectral line
of interest, in this case Hα and Hβ we create synthetic
spectra using Spectroscopy Made Easy (Piskunov &
Valenti 2017) and the stellar parameters in Table 1. We
generate spectra at 25 different µ-angles to account for
CLVs in the spectral lines.
We then generate a grid representing the stellar disk.
Each element in the grid has dimensions 0.01R∗ ×
0.01R∗. We assign a spectrum to each grid point
by shifting that spectrum according to the local rota-
tional velocity of that grid location and applying the
wavelength-dependent limb-darkening derived from the
synthetic spectra calculated at the various µ-angles. The
synthetic out-of-transit spectrum is then the sum of the
spectra for all of the grid points on the stellar disk.
We use EXOFAST (Eastman et al. 2013) to calculate the
planet positions on the stellar disk to generate model
CLV+RM profiles for the midpoint of each exposure.
We divide these model profiles out of the transmission
spectra to remove the CLV+RM features. It is worth
highlighting that the CLV+RM profiles only interfere
with the planet’s absorption signature when the absorp-
tion profile overlaps the CLV+RM profile in velocity
space. Thus if these signatures are not modeled ex-
plicitly then it is acceptable to simply throw out the
in-transit exposures for which the planet’s line-of-sight
velocity intersects the local occulted rotational velocity
(e.g., Ehrenreich et al. 2020; Wyttenbach et al. 2020).
We do not consider an increase in magnitude of the
CLV+RM profiles due to an increased effective planet
radius in a given spectral line, as suggested by Yan &
Henning (2018). There are two reasons for this. The
first is that we see no consistent evidence at Hα or Hβ for
an amplified CLV+RM effect, although a few transmis-
sion spectra exhibit larger than expected signals. The
second reason is that absorption by the planet’s atmo-
sphere only increases the magnitude of the CLV+RM
profile when the line-of-sight velocity of the planet over-
laps significantly with the local occulted rotation veloc-
ity. This is because the star effectively “sees” the larger
planetary radius at the velocity in the spectrum at which
the atoms are absorbing. As we will discuss, the ex-
posures during which the planet’s velocity overlaps the
local stellar rotational velocity (middle portion of the
transit in Figure 5) show anomalously weak absorption
and are not included in much of our analysis. Thus we
do not consider the enhanced CLV+RM effect since the
exposures which should most strongly be affected show
marginal planetary absorption.
We show the spectral time-series maps of the Hα and
Hβ transmission spectrum, Si/Sout, in Figure 5. The
stellar pulsation signal is visible in the pre-transit data
as the dark and light stripes that extend from approx-
imately −vsini to +vsini, which are marked with the
vertical green lines. We show the transit start and end
times T1 and T4 with the horizontal purple lines. We also
show the planet’s line-of-sight velocity, calculated using
the value of Kp from Table 1, with the blue line. Ab-
sorption in both Hα and Hβ is visible during the transit
and closely tracks the planet’s velocity. There is a no-
ticeable lack of absorption during the central portion of
the transit. Although the absorption is expected to be
weaker here due to the planet’s velocity moving across
the deepest section of the local stellar Hα and Hβ lines,
our models, which we discuss in the next section, cannot
account for a complete absence of absorption. We note
that a similar effect is seen by Casasayas-Barris et al.
(2019) for the UHJ KELT-20 b.
The same anomaly is present in Figure 6, which shows
the equivalent width of the Balmer line transmission
spectra as a function of time, where the absorption dis-
appears entirely near mid-transit and is weaker during
the second half of the transit compared with the first
half. One possible explanation for the weaker than ex-
pected absorption is the overlap of the planet’s absorp-
tion profile with a pulse profile. Given the pulse model
results in the next section, it seems unlikely that a pulse
profile could entirely mask the absorption during the
7Figure 4. Left: Fourier-filtered residual map after subtracting the median line profile. The planet “Doppler shadow” is the diagonal
blue track running from the bottom-right to the top-left. Middle: Modeled DT signal. Right: difference of the two maps on the left and
middle panel.
second half of the transit. We defer a more detailed ex-
ploration of the interplay between the pulse profiles and
absorption depths to future work.
We present the average in-transit Balmer line trans-
mission spectra in Figure 7. We only include the spec-
tra taken between −1.0 hours ≤ ti ≤ −0.56 hours in
the average due to the lack of absorption in the middle
portion of the transit and the weaker absorption during
the second half of the transit. This resulted in a total
of 5 in-transit spectra. Before averaging we shift the
selected spectra into the rest-frame of the planet using
the orbital and transit parameters from Table 1. We
include plots of the individual transmission spectra in
the planet’s rest frame in Section 7. We list Gaussian
fit parameters to the average transmission spectra in
Table 2. Note that the measured blue-shifted velocity
offset could be partially due to the uncertainty in the
transit midpoint timing (see subsubsection 5.1.1).
We measure the absorption in the average transmis-
sion spectra using the equivalent width integrated from
−100 km s−1 to +100 km s−1. These values are listed
in column 5 in Table 2: the Hα absorption is detected
at ≈ 46σ and the Hβ absorption is detected at ≈ 12σ.
The absorption is significant and represents the first de-
tection of the Balmer lines in WASP-33 b’s atmosphere.
4.3. Stellar pulsations and their effect on the
transmission spectrum
Table 2. Balmer line Gaussian fit parameters
and absorption measurements
Contrast FWHM v0 Wλ
Line (%) (km s−1) (km s−1) (mA˚)
(1) (2) (3) (4) (5)
Hα 1.68+0.02−0.02 45.4
+0.7
−0.8 −4.5+0.3−0.3 17.5±0.4
Hβ 1.02+0.05−0.05 33.0
+2.5
−2.4 −1.7+0.8−0.8 12.2±0.4
WASP-33 is a well known pulsator (e.g., Collier
Cameron et al. 2010; Herrero et al. 2011; von Essen
et al. 2014, 2020) with pulsation periods of ≈ 1 hour.
Pulsations in spectroscopic data can be seen as bumps
that, in WASP-33’s case, move between −vsini and
+vsini in velocity space across the line profile as a func-
tion of time (e.g., Johnson et al. 2015). In our Balmer
line time series this is most clearly seen in the pre-
transit spectra in Figure 5 as the diagonal bright and
dark bands. Since the pulsation features overlap with
the planet’s line-of-sight velocity and have periods on
the order of the transit duration, it is possible for the
pulsations to distort or contaminate the transmission
spectrum.
In order to attempt to predict the in-transit pulse sig-
nal and remove it from the transmission spectra, we
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Figure 5. Spectral map of the Hα and Hβ transmission spectra in the stellar rest frame for the entire night. The spectra have been
interpolated onto an evenly spaced time vector for display purposes which produces some of the smearing near the beginning and end of
the night when exposures were longer on average. The transit contact points T1 and T4 are shown with horizontal purple lines. The star’s
±vsini value is marked with the vertical green lines. The planet’s line-of-sight velocity is shown with the blue line. There is a clear Hα
signature which moves along the planet’s velocity for the duration of the transit. The Hβ absorption is weaker but still present at the
expected velocities. Note the pulsation stripes visible in the pre-transit data in both lines.
modeled the pulses as two periodic pairs of Gaussians
where each pair has a positive and negative amplitude
Gaussian with a fixed velocity separation. The model
also includes the FWHM of the pulses, the minimum
and maximum velocities of the pulses, and the rate at
which the pulses traverse the stellar disk. We use a cus-
tom MCMC routine based on the algorithm in Goodman
& Weare (2010) (see also Foreman-Mackey et al. 2013)
to find the maximum likelihood fit for the pulse model.
We assume uniform priors for all parameters and run
the MCMC chains for 105 steps with 102 walkers per
chain. We choose the most-likely parameters as the me-
dian values of the marginalized posterior distributions.
The most-likely pulse model for Hα is shown in Fig-
ure 8 and Figure 9. In general, the pulse model is a
good approximation to the observed pulse structure in
the pre-transit Hα spectra. However, there are some no-
ticeable discrepancies, for example, at t = −368 minutes
and t = −170 minutes where the amplitude and phase of
the observed pulse is not predicted by the model. Thus
although the model is useful in understanding the struc-
ture of the pulse spectra we do not consider it accurate
enough to predict the in-transit pulse signal, which is
more difficult to quantify due to its overlap with the
planetary features. Furthermore, it is unclear exactly
what effect the transit itself has on the pulsation sig-
nature, which would not be predicted by our simple
model of the out-of-transit pulsations. Thus we choose
to forego removal of the in-transit pulse signature given
the uncertainties involved.
Since we choose not to remove the modeled pulse
signal from the data, and we are primarily concerned
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Figure 6. Equivalent width time-series of the individual Balmer line transmission spectra. The Hα data is plotted with red circles and
the Hβ data is shown with blue circles. The ingress and egress portions of the transit are the light blue filled regions. The filled gray region
represents where the planet’s absorption signal overlaps with the local RM signal from the stellar surface. The absorption models (solid
blue and orange lines) are calculated using the best-fit parameters from the transmission spectrum fitting in subsubsection 5.1.3. There is
asymmetry in the transit with the first half absorption being much stronger than the second half. Note the pulsation signal that is visible
in the pre-transit data.
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Figure 7. Average transmission spectra for Hβ (top) and Hα
(bottom) with best-fit Gaussian profiles over-plotted in blue and
red, respectively. There is a significant blue-shift in both lines,
which we discuss in subsubsection 5.1.3.
with measuring the centroid velocities of the transmis-
sion spectra in the rest frame of the planet, we need to
understand how the pulse profiles can perturb the cen-
troid measurements from Equation 1. To explore this we
simulate how various modeled pulse profiles change the
velocity centroid of a simulated transmission spectrum.
We generate the transmission spectrum using the mod-
els in Section 5 and choose the parameters so as to ap-
proximate the morphology of the average in-transit Hα
transmission spectrum from Section 3 in the rest frame
of the planet. We choose three representative pulse pro-
files from Figure 9, specifically the profiles at t = −358,
t = −296, and t = −233 minutes, as the perturbing
pulses. We then shift the pulse profiles across the trans-
mission spectrum from ∆v = −100 km s−1 to +100
km s−1, add the shifted pulse profile to the transmis-
sion spectrum, and calculate the centroid velocity vHα
of the perturbed spectrum.
We show the result of the simulation in Figure 10.
The maximum perturbation from the true value of vHα,
which we label vtrue − vi on the vertical axis, is ≈ 6
km s−1; the average perturbation is ≈ 1.7 km s−1 and
the standard deviation of the perturbed velocities is 1.5
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Figure 8. Maps of the pre-transit pulse signal. The pre-transit data is in the left panel and the best-fit pulse model is shown on the
right. The pulse model approximately reproduces the structure of the pulses but some features are visible in the residual map.
km s−1. Thus on average we expect the shape of the
transmission spectra to be modified by the pulses so
that the measured centroid velocities differ from the true
centroid velocity by ≈ 1.7 km s−1. In lieu of removing
the in-transit pulse profiles we instead include the 1.7
km s−1 pulse contribution as additional uncertainty on
the values of vHα in Section 5.2.
5. ATMOSPHERIC MODELS WITH VELOCITY
DYNAMICS
In order to constrain the atmospheric dynamics re-
sponsible for the profile morphologies and measured
velocities in WASP-33 b’s extended atmosphere, we
have developed numerical models that take into ac-
count the effects of rotation, uniform expansion, day-
to-night side winds, and equatorial jets on the trans-
mission spectrum. The structure of the models is the
same as those in Cauley et al. (2019a) and we review
them here. Our models are three-dimensional in the
sense that we calculate the columns densities and op-
tical depth vectors through a chord of the atmosphere
using a three-dimensional array but the radiative trans-
fer is performed on the collapsed 2-D atmosphere. Thus
we do not include asymmetric geometry effects such as
a hotter and more extended westward planetary limb
(e.g., Flowers et al. 2019).
We model the planetary atmosphere on the same dis-
crete grid used to simulate the stellar CLV+RM profiles.
The grid points have size 0.01R∗ × 0.01R∗ which for
WASP-33 b equates to 0.087Rp × 0.087Rp. The atmo-
sphere is spherically symmetric and of uniform density
and is parameterized by r (in units ofRp), the distance
above the optical planetary radius Rp, and the num-
ber density n (in units of cm−3). While the assumption
of uniform density is not strictly correct, sophisticated
models of the n = 2 electronic level number density in
hot and ultra-hot Jupiter atmospheres suggests that it
varies slowly with decreasing pressure in the thermo-
sphere where the Balmer lines form (Huang et al. 2017;
Garc´ıa Mun˜oz & Schneider 2019). We initially construct
the atmosphere in 3D and then collapse the grid into the
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Figure 9. Individual pre-transit spectra (black) and the most-likely pulse model spectra (red) for Hα. The time from mid-transit in
minutes is given in blue. Overall, the pulse model provides a good approximation to the individual pulse spectra.
plane perpendicular to the line-of-sight between the ob-
server and the star so that the atmosphere grid is now
in units of column density (cm−2).
We compute the transmission spectrum ST(t) at time
t in the transit by looping through the atmosphere and
extincting the stellar intensity at each atmospheric grid
point Ii∗(t) by the optical depth τi through the same grid
point. We do not consider multiple scatterings in the at-
mosphere. We also sum the stellar grid points that are
not occulted by the planet nor absorbed by the atmo-
sphere and call this spectrum I in∗ (t). We then add I
in
∗ (t)
to the spectrum absorbed by the planet’s atmosphere
and divide by the out-of-transit spectrum Iout∗ , which
has been corrected for the CLV+RM profile Itran(t). Al-
gebraically this can be written as
ST(t) =
I in∗ (t) +
∑
i I
i
∗(t)e
−τi
Iout∗ − Itran(t)
. (2)
Before the stellar spectrum is extincted we shift the
optical depth vector, which we model as a Voigt profile
with Gaussian broadening component vt and Lorentzian
component vLor, by the velocity of the local grid point.
We assume a uniform day-to-night side wind speed vwind
in the atmosphere which requires a single-valued veloc-
ity shift of the optical depth at each grid point. Note
that in reality non-uniform wind speeds result in some
broadening of the line profile (Flowers et al. 2019) since
the velocity dispersion is non-zero. However, rotational
and thermal broadening likely dominate for UHJs like
WASP-33 b.
For the case of rotation we consider the atmosphere
to be rigidly rotating so that the rotation velocity vrot
at Rp at the equator scales linearly with distance from
the rotation axis. For example, for vrot = 6.0 km s
−1
the velocity at r = 0.5 above the equator would be 9.0
km s−1. As noted by Wyttenbach et al. (2020), the
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Figure 10. Difference between the true velocity centroid value
vtrue for the simulated transmission spectrum and the velocity
centroid vi for the pulse-perturbed profile for each velocity shift
∆vpulse. When the pulse peaks overlap with the atmospheric ab-
sorption the perturbation can be non-negligible. However, on av-
erage the perturbations are ≈ 2 km s−1 in magnitude which is
similar to the empirical uncertainties on the measured vHα val-
ues.
line-of-sight velocity along any line perpendicular to the
rotation axis through a 3D rigidly-rotating atmosphere
is constant. Thus we can apply the rotational velocities
to the 2D density grid without accounting for the veloc-
ities in the full 3D case. The column density through
the atmosphere decreases as a function of r so the larger
velocities contribute least to the rotational broadening
compared with the smaller velocities at lower altitudes.
We assume that the planet’s rotation axis is parallel to
its orbital angular momentum vector.
For uniform spherical expansion, the velocity field
must be treated in 3D since each grid point will have
a different line-of-sight velocity depending on the angle
between the grid point and the line-of-sight. This re-
sults in a broadening of the optical depth profile along
any sight line through the atmosphere. Because of the
need for 3D accounting in this case, we do not collapse
the density array beforehand. Instead, we loop through
the atmosphere and calculate the velocity shifts for each
grid point and then sum the total optical depth along
the sight line. Although our models are capable of mod-
eling expanding atmospheres, the Balmer lines form at
pressures where the upward velocities are expected to be
on order of ≈ 1 km s−1 (Salz et al. 2016; Wyttenbach
et al. 2020). Thus uniform expansion cannot account
for the velocity signature seen in Section 5.2 and we do
not explore it further.
We also consider the effects of equatorial jets, which
contribute to the broadening of the optical depth pro-
file. In our models we force the jets to exist between
planetary latitudes of |θ| < 25◦ and we take the jet ve-
locity to be constant as function of latitude and altitude
in the atmosphere. We assume the jet travels in the
same direction as the planet’s rotation. The result of
including the jet velocity is increased broadening since
the jet speed is only applied to an equatorial band in
the planet’s atmosphere. However, as noted in Section 2
and demonstrated in Figure 2, jets in our model produce
weaker velocity shifts upon ingress or egress when com-
pared with a rotating atmosphere of the same velocity.
This is due to the jet speed being constant throughout
the atmosphere and the limited latitude contribution of
the jet broadening.
5.1. Modeling the Balmer line transmission spectra
Before we present the application of the models de-
scribed in Section 5 to the transmission spectra, there
are two details which require a more in-depth discussion
given their effects on fitted model parameters.
5.1.1. Mid-transit time and line-of-sight velocity
Exoplanet transit ephemerides require frequent up-
dates in order to refine the mid-transit time of future
transits. While simultaneous high-quality photometry
is the ideal method for determining transit parameters
for a corresponding spectroscopic transit (e.g., Johnson
et al. 2015), modeling the spectroscopic transit itself can
provide important constraints on the mid-transit time
which are superior to using out-of-date ephemerides.
The mid-transit time becomes critically important
for measurements of the velocity offsets in transmission
spectra or cross-correlation measurements: changing the
mid-transit time by a few minutes can alter the planet’s
inferred line of sight velocity by ∼ 1 − 2 km s−1 thus
shifting the measured velocity of the transmission spec-
trum in the frame of the planet. This can lead to spuri-
ous, or inaccurate, measurements of a day-to-night side
wind.
For WASP-33 b we find that the in-transit line-of-
sight velocity of the planet changes by ≈ 0.8 km s−1 per
minute of difference in the mid-transit time. For exam-
ple, if the true mid-transit time differs from our modeled
mid-transit time by ≈ 3 minutes then the magnitude of
the line-of-sight velocity change will be ≈ 2.5 km s−1.
Although this uncertainty in the planet’s line-of-sight
velocity does not affect the transmission spectrum itself,
it translates directly as an uncertainty in the velocity
shift of the transmission spectra into the rest frame of
the planet. In turn, this uncertainty propagates into
model parameters which estimate any overall velocity
shifts in the transmission spectrum. Note that the mid-
transit time uncertainty does not affect the structure of
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the vHα time series since it produces an approximately
constant shift for all in-transit spectra. For our models
the affected parameter is the wind velocity vwind. The
statistical uncertainty on our derived mid-transit time
(see Table 1) is ≈ 1 minute but this is likely an un-
derestimate; the actual mid-transit time uncertainty is
probably closer to ≈ 3 − 4 minutes. Thus in our final
determination of vwind we include an additional uncer-
tainty of 3.0 km s−1 to account for the mid-transit time
error.
5.1.2. Doppler smearing
High-resolution spectroscopic transit observations
necessarily have exposure times on the order of minutes.
The planet, however, is continuously changing its line-
of-sight velocity and position on the stellar disk. Thus
any observation can be approximated by averaging the
instantaneous spectra sampled finely enough from the
beginning to the end of the exposure. The result is an
observed spectrum that has been broadened, or blurred,
by the motion of the planet during the exposure, where
longer exposures result in more broadening (Ridden-
Harper et al. 2016; Wyttenbach et al. 2020). This is
critical for transmission spectrum modeling since most
models tend to simulate the spectrum at a single time,
either at mid-transit or at the average mid-exposure
time for the spectra which have been averaged to cre-
ate the transmission spectrum. If the broadening is
non-negligible models must take this effect into account
by either including it explicitly, which is computation-
ally expensive, or by approximating the effect with an
applied broadening function (e.g., Wyttenbach et al.
2020).
The question arises: what is the maximum exposure
time for a planet that results in negligible smearing in
the observed transmission spectrum? Using our models
we have tested the Doppler smearing effect for WASP-33
b for an observation with mid-exposure time of t = −30
minutes from mid-transit. We tested multiple exposure
lengths from 5 minutes up to 45 minutes and generated
instantaneous spectra at 1-minute intervals throughout
the exposure. Two examples are shown in Figure 11 for
exposure duration of texp = 10 minutes (left panel) and
texp = 30 minutes (right panel). The mean spectrum
(red line) is calculated by averaging all of the instanta-
neous spectra (gray lines). The mid-exposure spectrum
is the instantaneous transmission spectrum at the mid-
point of the exposure. Doppler smearing can be ignored
when the differences between the two spectra are negli-
gible.
While we do not derive any specific relationships for
the magnitude of the effect as a function of exposure
duration, it’s clear the Doppler smearing is essentially
absent from the texp = 10 minute spectrum while it
is beginning to manifest in the texp = 30 minute case.
Since our longest observations are ≈ 10 minutes we con-
clude that Doppler smearing can be safely ignored in
our transmission spectrum modeling described in sub-
subsection 5.1.3. This effect should be evaluated on a
case-by-case basis since narrower spectral lines will be
more strongly affected and planets with larger orbital
velocities will experience more dramatic smearing.
5.1.3. Balmer line model results
We applied the models described in Section 5 to the
average Hα and Hβ transmission spectra shown in Fig-
ure 7. For each model iteration the transmission spectra
of Hβ and Hα are calculated simultaneously at the mean
x and y locations on the stellar disk of the exposures in-
cluded in the transmission spectrum being fit. In other
words, we do not calculate a spectrum for each expo-
sure and then average them to produce the model aver-
age transmission spectrum but rather calculate a single
spectrum at the mean transit time of all exposures.
We employ the same maximum-likelihood MCMC
routine referenced in Section 4.3 to find the most-likely
model parameters for the Balmer line transmission spec-
tra. We explore eight scenarios, each a subset of the sim-
plest case which only includes thermal broadening. The
model abbreviations are letters which correspond to the
descriptors Thermal (T), Rotation (R), Wind (W), and
Jet (J). We also test a special case, Model TWJ+Rtl
which fixes the rotational velocity at the tidally locked
value of 7.1 km s−1 but allows the jet velocity to vary.
We then compare the fit results using the Bayesian infor-
mation criterion (BIC). The potential free parameters in
the model are number density n, radial extent r above
Rp = 1.0, thermal broadening vt, Lorentzian broadening
vLor, rotational broadening vrot, the day-to-night side
wind velocity vwind, and the equatorial jet velocity vjet.
In the models which do not include rotation, a day-to-
night side wind, or a jet the corresponding parameter
values are set equal to zero. We assume broad uniform
priors for all parameter values.
Each MCMC chain is initiated with 100 independent
walkers which are each run for 1500 steps. We eliminate
the first 500 steps as burn-in and use the remaining sam-
ples, which we test for convergence using the Gelman-
Rubin statistic, to generate 1D and 2D posteriors for
the parameters. We choose the best-fit parameters by
taking the median value of the marginalized 1D poste-
riors; we calculate 1− σ confidence intervals as the 68%
regions around the median values.
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Figure 11. Examples of Doppler smearing for WASP-33 b. The left panel shows the case of a 10-minute exposure and the right panel
shows a 30-minute exposure. For the 10-minute case there is very little smearing, i.e., the mean spectrum of the exposure very closely
approximates the instantaneous spectrum at the time of mid-exposure. In the 30-minute example, however, the smearing effect is noticeable:
the mean spectrum is broadened relative to the mid-exposure spectrum.
It is important to note that due to the finite size of
the pixels in our model grid, the variable r is discrete
and thus the confidence intervals determined from the
marginalized posterior are not strictly accurate. They
can be thought of as lower bounds on the actual confi-
dence interval since MCMC steps with r values between
pixels with values r1 and r2 were rejected so only values
of r up to and including r1 are realized in the posterior.
We adopt a conservative confidence interval of 0.5 pix-
els, or 0.045Rp, for the confidence intervals on r which
are less than this.
We show the corner plot of the 1D and 2D histograms
for Model TRW in Figure 12 and the results of the eight
model fits in Figure 13. We list the most-likely parame-
ters and their uncertainties in Table 3. The ∆BIC values
are relative to the Thermal (T) model. It’s clear upon
visual inspection of the line profile fits that the models
which include the day-to-night side wind are strongly fa-
vored over the models with no wind. This was foreshad-
owed by the Gaussian fits to the average transmission
spectra which also found significant blue-shifts in the
spectra. For the no-wind models the natural broadening
vLor tends to be large since the MCMC is attempting to
find solutions that can match the blue side of the profile.
Thus the resulting vLor values are unrealistic since there
is no pressure broadening at the densities and pressures
where Hα forms in hot planet atmospheres (Huang et al.
2017; Wyttenbach et al. 2020; Turner et al. 2020).
Although the models which include an equatorial jet
and a wind (Models TRWJ, TWJ, and TWJ+Rtl) show
similar or lower BIC values, the most-likely jet velocities
are likely too large to be physical (Table 3): all three jet
models find a jet velocity of ≈ 19 − 20 km s−1. GCMs
currently do not explore micro- and nano-bar pressures
but there is little evidence that such large jet velocities
are possible even in the extreme atmosphere of UHJs
(Flowers et al. 2019; Carone et al. 2020). Given the unre-
alistic jet values found by our models, we choose to pro-
ceed by only considering the rotation models and their
explanatory power for the measured in-transit transmis-
sion spectrum velocities.
The TRW and TW models both provide better de-
scriptions of the Balmer line transmission spectra than
the purely thermal model. This is verified by their sig-
nificantly lower BIC values. Including rotation gives the
best description of the data: the BIC value for the TRW
model is 30 points lower than the TW model, strong evi-
dence that the TRW model is a better approximation to
the atmosphere than the TW model. We conclude that
incorporating rotation into the model line profiles pro-
vides a more accurate description of WASP-33 b’s atmo-
spheric physics. Our model suggests that the rotational
velocity probed by the Balmer lines is vrot = 10.1
+0.8
−1.0
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km s−1, ≈ 3 km s−1 greater than expected for the case
of a tidally locked WASP-33 b. We also derive a day-
to-night side wind speed of vwind = −4.6+3.4−3.4 km s−1
where we have included an estimate of the mid-transit
time uncertainty in the confidence intervals for vwind.
5.2. Velocity measurements of individual Hα
transmission spectra
Due to the low signal-to-noise of the individual Hβ
transmission spectra, we focus our analysis of the veloc-
ity centroids on the Hα profiles. Before calculating vHα
we shift the spectra in Figure 5 into the rest-frame of the
planet. Thus any residual velocity signature is due to
mass motion in the planet’s atmosphere or a systematic
offset in the calculated in-transit line-of-sight velocities.
Figure 14 shows the in-transit vHα values calculated
using Equation 1 and examples of the Hα transmission
spectra during ingress, in-transit, and egress. The gray
shaded region shows where the absorption weakens due
to overlap with the local RM profile; we exclude points in
this region since the absorption is too weak for a reliable
measurement. We note that vHα = 20.2 km s
−1 near
t = 0.4 hours and is excluded from the plot for clarity.
The uncertainties of the vHα measurements are a com-
bination of two estimates. First, the empirical uncer-
tainties on vHα are of order ≈ 2 − 3 km s−1 which are
derived directly from the width and signal-to-noise of
the transmission spectra. The second important source
of uncertainty is the potential perturbation from a pulse
profile. As we demonstrated in Section 4.3 the average
perturbation of vHα from a pulse is≈ 1.7 km s−1. We as-
sume that the pulse uncertainties are independent from
the empirical uncertainties and add these quantities in
quadrature to obtain the final uncertainties on vHα in
Figure 14. We do not include the mid-transit time un-
certainty in the vHα uncertainties since this source of
error is an offset and would result in the vwind taking on
a different value but would not increase the uncertainties
on the measurement of vHα.
There is striking similarity in the shape of the vHα val-
ues when compared with the example rotational models
in Figure 2, although there is a noticeable offset towards
blue-shifted velocities. The mean value of vHα, shown
with the horizontal orange line, is similar to the best-
fit wind velocity from Section 5.1 (vHα = −1.7 km s−1
versus vwind = −4.6 km s−1) where vHα is likely skewed
towards a smaller blue-shift due to the large positive
value of vHα near t = 0.4 hours. We note that the
shape of the velocity time series cannot be described by
spherically expanding atmosphere since the ingress and
egress velocities in that case are ≈ 0.0 km s−1. For that
reason we do not consider expansion as an explanatory
mechanism for the observations.
5.3. Comparing the velocity centroids to rotational
models
In Section 5 we derived a rotational velocity for the
atmosphere by applying transmission spectrum models
to an average in-transit Balmer line spectrum. As we
noted previously, however, there is some degeneracy be-
tween broadening mechanisms which may not be fully
accounted for with our parameterized models. Another
test of the rotational broadening hypothesis is to com-
pare models of varying vrot to the in-transit vHα values
with the best-fit value of vwind subtracted off. If rotation
is responsible for the shape of the transmission spectra
then rotation models should also be able to account for
the vHα time series in Figure 14.
To accomplish this we computed a grid of vHα time
series models using the framework from Section 5. We
generated the models using the best-fit atmospheric pa-
rameters from the TRW model in Section 5.1 with the
exception of letting vrot vary. We created models for 41
different values of vrot ranging from 0.0 km s
−1 up to
20.0 km s−1 in steps of 0.5 km s−1.
Since the transmission spectra contain the maximal
amount of information about atmospheric rotation upon
ingress and egress, we only include the first and last four
vHα measurements from Figure 14 in the model compar-
ison. The in-transit points are equally consistent with all
of the rotational velocities since the line profile centroids
at these times are dominated by other effects. Thus the
model grid comparison consists of n = 8 data points
and m = 1 free parameter (vrot). Before comparing the
data to the model grid we subtract the best-fit value
of vwind for the TRW model (vwind = −4.6 km s−1)
from the measured vHα values Table 3. In principle this
leaves only velocities contributions from the rotating at-
mosphere.
Given the small number of data points and their large
individual uncertainties, we opt for a simple χ2 compar-
ison. For each vrot model we calculate χ
2 between the
data and the model interpolated onto the mid-exposure
times of the eight selected points. The 68% confidence
interval on vrot is then calculated by taking all models
for which χ2 < χ2min +∆χ
2 where ∆χ2 = 1.0 in this case
(Avni 1976).
We plot the vHα time series with the wind velocity
removed in Figure 15, along with the best-fit rotational
model (purple line) and the 1 − σ confidence intervals.
We have omitted the velocities measured from the trans-
mission spectra which overlap heavily with the stellar
RM profile (gray shaded region). The rotational model
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Figure 12. Corner plot of the posteriors for the TRW model. The marginalized parameter histograms are shown at the top of each
column and the most-likely parameter value is marked with a vertical purple line; the 1 − σ confidence intervals are marked with dashed
lines. The contours represent the 68%, 95%, and 99% regions of the posteriors.
with vrot = 8.5 km s
−1 provides the best fit to the data
and traces the shape of the vHα measurements during
ingress and egress. In addition, the evidence for a ro-
tating atmosphere is strengthened by the fact that the
best-fit rotational velocity from the vHα time series is
consistent at the 1− σ level with the best-fit rotational
velocity, vrot = 10.1
+0.8
−1.0 km s
−1, derived from the trans-
mission spectrum fits.
6. DISCUSSION
We have demonstrated that the velocity centroids
of the individual WASP-33 b Hα transmission spec-
tra show a pattern consistent with what is expected
from a rotating atmosphere. The rotational velocity of
vrot = 10.1
+0.8
−1.0 km s
−1 derived from the average trans-
mission spectrum fit is larger than WASP-33 b’s tidally
locked value of vtl = 7.1 km s
−1. However, the velocity
centroid time series analysis results in a smaller rota-
tional velocity of vrot = 8.5
+2.1
−1.9 which is consistent with
the planet’s atmosphere rotating at the tidally locked
rate. We also find that a large day-to-night side wind
velocity of vwind = −4.6+0.4−0.4 km s−1 is required to ex-
plain the blue-shifted transmission spectra. The wind
velocity becomes less significant, vwind = −4.6+3.4−3.4 km
s−1, when we consider uncertainties in the mid-transit
time and how this affects the global velocity offset of the
transmission spectra.
Measuring a planet’s rotational velocity via its trans-
mission spectrum is dependent on the assumption that
the rotational axis is perpendicular to the orbital plane.
Thus we are in fact constraining the value vrotsini where
i is the angle between the rotation axis and the planet’s
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Table 3. Balmer line model fit parameters
n r vt vLor vrot v
†
wind vjet
Model (cm−3) (Rp) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) ∆BIC
(1) (2) (3) (4) (5) (6) (7) (8) (9)
T? 433+139−96 0.48
+0.04
−0.04 3.8
+1.1
−1.6 5.2
+0.5
−0.7 · · · · · · · · · · · ·
TW 541+168−87 0.50
+0.04
−0.04 7.8
+0.9
−1.1 3.6
+0.7
−0.6 · · · -3.5+0.5−0.5 · · · −440
TR 463+117−95 0.49
+0.04
−0.04 4.3
+1.1
−1.1 5.0
+0.6
−0.7 1.8
+3.1
−1.5 · · · · · · −9
TRW 808+94−93 0.51
+0.04
−0.04 8.9
+0.7
−0.7 1.3
+0.5
−0.4 10.1
+0.8
−1.0 -4.6
+0.4
−0.4 · · · −477
TJ 554+150−123 0.50
+0.04
−0.04 4.3
+1.1
−1.3 3.7
+0.6
−0.6 · · · · · · 20.4+8.0−7.6 -5
TWJ 666+85−77 0.51
+0.04
−0.04 7.3
+0.9
−0.8 2.4
+0.4
−0.4 · · · -3.6+0.4−0.4 19.2+2.3−2.6 −458
TRWJ 826+100−99 0.52
+0.04
−0.04 8.7
+0.8
−0.9 0.9
+0.5
−0.5 7.2
+1.2
−0.9 -4.7
+0.5
−0.4 19.1
+3.1
−9.3 −477
TWJ+Rtl 777
+100
−92 0.55
+0.04
−0.04 8.0
+0.8
−0.8 0.9
+0.4
−0.3 7.1 -4.7
+0.4
−0.4 20.1
+2.8
−2.4 −486
† Table values only include uncertainties from the model fitting and do not take into account the uncertainty
in T0 (see subsubsection 5.1.1)
?Abbreviations: T = Thermal, R = Rotation, W = Wind, J = Jet
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Figure 13. Atmospheric model fits (solid colored lines) to the Balmer line transmission spectra (black). The difference between the BIC
of each model and that of the Thermal model (top right panel, Model T) is given in the lower-right of each plot window. The model which
includes a day-to-night side wind, rotation, and thermal broadening (Model TRW) is strongly preferred over the other models. Although
including an equatorial jet results in an equally good or better description of the data (Models TRWJ and TWJ+Rtl) the jet velocities are
non-physical.
orbital plane. The angle between the planet’s rotation
axis and its transit chord, restricted to the plane of the
sky, will also affect the measured velocity centroids: if
this angle is 0◦ then the ingress and egress velocity cen-
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Figure 14. Measured vHα values for the in-transit Hα transmission spectra. The blue shaded regions show ingress and egress times and
the gray shaded mark the portion of the transit for which there is little or no absorption due to the planet’s velocity overlapping with the
local stellar RM signal. Example transmission spectra are shown above the velocity plot where the red plot symbols correspond to the vHα
values of the example spectra. The orange line marks the mean of the vHα values. The best-fit wind velocity from Section 5.1 is similar
to the mean vHα value and the structure of the velocities is comparable to the rotational velocity examples in Figure 2.
troids will be ≈ 0 km s−1 since the velocities at the
poles are symmetric around the planet’s rotation axis.
If the angle is 90◦ then the centroid velocities will be
maximized during ingress and egress. This analysis pro-
vides another possible avenue for constraining the orbit
geometry: if the rotational broadening from the average
transmission spectrum is consistent with the time-series
rotational velocity then the angle between the rotation
axis and the transit chord must by ≈ 90◦. The agree-
ment between the rotational velocities from our average
spectrum model and the time-series grid model supports
the conclusion that WASP-33 b’s rotation axis is perpen-
dicular, or only slightly inclined, to its orbital plane and
also to its transit chord across the star.
A second notable result from our analysis is the large
blue-shift seen in the transmission spectrum. Our model
finds that a day-to-night side wind of vwind = −4.6+3.4−3.4
km s−1 can account for this shift. A large in-transit blue-
shift of −11± 0.7 km s−1 was recently measured for the
UHJ WASP-76 b in the cross-correlation function of the
planet’s neutral iron absorption lines (Ehrenreich et al.
2020). While the uncertainties in our measured mid-
transit timing prevent us from establishing the absolute
blue-shift of the transmission spectrum with more pre-
cision, wind velocities of ≈ 5 km s−1 are not commonly
seen for hot and ultra-hot planets. For example, Yan
& Henning (2018), Cauley et al. (2019a), and Wytten-
bach et al. (2020) all found no evidence of a velocity
shift in the transmission spectrum of KELT-9 b, cur-
rently the hottest transiting gas giant to be studied in
detail. Most measured transmission spectrum velocities
in hot planet atmospheres are on the order of ≈ 2 km
s−1 (e.g., Wyttenbach et al. 2015; Casasayas-Barris et al.
2017). Our results, combined with those from Ehren-
reich et al. (2020), hint that the average day-to-night
side wind speed increases into the ultra-hot atmosphere
regime (Teq > 2000; Parmentier et al. 2018; Baxter et al.
2020) but these flows are disrupted in the extreme lim-
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Figure 15. Same as Figure 14 but now with the best-fit day-to-night side wind velocity vwind from Table 3 removed. The rotational
model with the minimum χ2 value is shown in purple and the estimated 1− σ confidence intervals are shaded orange. Only the first and
last four velocities are included in the model comparison. The best-fit rotational velocity of 8.5 km s−1 is consistent with that found from
the average transmission spectrum fits.
its of an atmosphere like KELT-9 b’s at Teq = 4000 K.
Indeed, Komacek & Showman (2020) showed that wind
speeds on the order of ≈ 5 − 6 km s−1 are possible at
pressures of 1 mbar for UHJ atmospheres.
In their analysis of Ca II H and K and infrared triplet
absorption in WASP-33 b’s atmosphere Yan et al. (2019)
do not see a consistent blue-shift in the two sets of lines.
A blue-shift similar in magnitude to what we measure
would likely have been detected in their investigation.
The same caveats with regards to the mid-transit time
uncertainty apply to their procedure so it is possible that
the true blue-shift is simply masked by inherent uncer-
tainties in the adopted mid-transit time. The Balmer
lines and the Ca II lines are expected to form at simi-
lar pressures in UHJ atmospheres so we do not expect
the velocity flows sampled by the lines to differ signif-
icantly (Turner et al. 2020). Given the discrepancies
between our velocity measurement and those from Yan
et al. (2019) we suggest that a concrete interpretation
of the day-to-night side wind signature await additional
spectroscopic transit studies. High-quality simultaneous
photometry would aid in reducing the mid-transit time
uncertainty for the spectroscopic analysis.
Although our models are able to account for the mor-
phology and velocity centroids of WASP-33 b’s Balmer
line transmission spectra, a more realistic treatment of
velocity flows in the planet’s thermosphere could re-
veal important information about which velocity fea-
tures contribute to the line profiles (e.g., Flowers et al.
2019). For example, the atmosphere is likely not rigidly
rotating from the stratosphere out to the edge of the
thermosphere and jets, which are a ubiquitous feature
of hot planet GCMs (e.g., Rauscher & Menou 2010;
Showman et al. 2013; Carone et al. 2020; Komacek &
Showman 2020), probably contribute to the transmis-
sion spectrum even though they are not discernible in
our model treatment of the line profiles.
Finally, we emphasize the need for GCM exploration
of the uppermost bound atmospheric layers of hot and
ultra-hot planets. Such simulations are currently diffi-
cult to achieve primarily due to the breakdown of the
primitive equations of meteorology at micro- and nano-
bar pressures. Atomic absorption lines in hot planet at-
mospheres generally trace these low-pressure layers and
they are relatively straightforward to measure. Thus the
rapidly growing number of hot planet atmosphere detec-
tions, and their associated velocity signatures, needs a
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better theoretical platform upon which to interpret any
observed velocity signatures rather than extrapolating
from the abundance of GCM results at higher pressures.
7. CONCLUSIONS
We have presented the first detections of the Balmer
lines Hα and Hβ in the atmosphere of WASP-33 b and
measured the velocity centroids of the individual Hα
transmission spectra as a function of time throughout
the transit. Both the velocity centroids (vrot = 8.5
+2.1
−1.9
km s−1) and the rotational broadening measured from
the in-transit spectrum (vrot = 10.1
+0.8
−1.0 km s
−1) are
consistent with a super-rotating atmosphere, although
the time-series Hα velocities are also in agreement with
the expected tidally-locked rotation rate of WASP-33 b
at the 1−σ level. We do not find any evidence of veloc-
ity signatures associated with equatorial jets, although
such features may be swamped by the planet’s fast rota-
tion and possibly not retrievable using the Balmer line
transmission spectra.
Our observations demonstrate the power of time-
resolved transmission spectra where the signal-to-noise
of individual exposures permit reliable extraction of the
profile morphologies and velocity centroids. Time-series
measurements of velocity features in hot planet atmo-
spheres can help resolve the line broadening degeneracy
between, for example, spherical expansion and rotation
due to the very different velocity time-series produced
by each feature. The advent of 30-meter telescopes will
greatly expand the parameter space for which these ex-
periments are possible and may enable variability stud-
ies (e.g., Komacek & Showman 2020) of velocity flows
in the atmospheres of transiting exoplanets. Empiri-
cal constraints on atmospheric velocity dynamics are a
critical part of our ongoing pursuit of a more complete
understanding of the physics of exoplanets.
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APPENDIX
A. INDIVIDUAL TRANSMISSION SPECTRA PLOTS
In this appendix we provide the individual in-transit transmission spectra for Hα and Hβin the rest frame of the
planet. All Hα spectra have been binned by a factor of 2 and the Hβ spectra were binned by a factor of 5 for clarity.
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Figure 16. In-transit Hα transmission spectra in the planetary rest frame. Mid-exposure times are marked in hours in the bottom left
of each panel. The vertical gray line marks v = 0.0 km s−1. Exposures taken during ingress and egress are identified with an orange circle
in the lower right of each panel. Note that the spectra are not corrected for the velocity offset identified in subsubsection 5.1.3.
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Figure 17. Same as Figure 16 but for Hβ.
